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Abstract

The following report details a design to implemadtive flow control on a scale model
remotely operated airplane through the use of rjatso This design project is being sponsored
by Eglin Air Force Base and being conducted byMieehanical Engineering Department of
Florida State University to create a test bed lfmwfseparation research. The system will allow
air flowing over the wings of the model airplaner¢main attached at a higher angle of attack.
The microjets consist of approximately 350, 0.4 hwtes located on the top of the wing surface,
normal to the surface. These jets form a line plaadllels the leading edge of the wing.
Compressed air is emitted from the jets causingngiin the boundary layer which delays flow
separation. After conducting research in methddsipply, an 88 cubic inch compressed air
cylinder was selected for the delivery system.sTank will be partially recessed into the
fuselage of the plane in the area where the langag connects to the airframe. This tank will
be shielded by an aluminum plate and wrapped imffma crash protection. An adjustable
pressure regulator set to 13.5 psig will feedlaiowgh flexible rubber supply lines to the
microjets located in the wings. Pressure lossdgaduce the pressure to 10 psig at the
microjets. The system will allow 30 seconds of tase per flight. The exact placement of the
microjets is currently being determined from windnel tests using tuft visualization on a two
foot section of the airplane wing. Devices for swang the performance of the plane have been
researched and are currently being finalized. @athod that will be used is a camera mounted
on the plane during flight to view tufts attachedhe wing. The system is predicted to reduce
the minimum flight speed by 7.2%. Other performeamsprovements are being investigated but
have not been finalized. The estimated cost oftls¢em is $1,587.09 and the completion date
is scheduled for April 3, 2008.
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l. Introduction
Background

Research in active flow control systems has dematest the ability to control flow
attachment and nose abatement in the laboratong dbthese systems, microjet arrays, has
been successfully tested on a number of flow costtaations. For this project, they will be
used for flow reattachment. The microjets arer®md holes through which air is pumped out at

pressures around 10 psig (Fig. 1).

g Eonn Microjet

Figure 1: Microjets

The air is not used as thrust to propel the aitcnadtead, the pressurized air is forced out
perpendicular to the airfoil’'s surface and the flowhis is used to cause mixing in the boundary
layer in the region where flow separates from tlregvaduring flight at the critical angle of attack
(AOA) (Fig. 2). The placement of the microjetsisicial for the system to work efficiently.
Research indicates that the jets should be plastdgfore the point of separation on the airfoil.
The microjets once activated should allow the ftowemain attached at higher angles of attack.
This means that the airfoil should still be proahggiift at angles higher than the unmodified
critical AOA.
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Figure 2: Flow separation on an airfoil beyond the
critical angle of attack

Project Scope

The expectation of the project is to have an airevdh microjet arrays on the wings that
will increase the overall lift and delay stall. drder to do that, a model aircraft should be found
and assembled. In considering the type of motls,imperative that the aircraft be capable of
holding the necessary hardware. After the asseoflilye model is complete, the group should
become familiar with the flying characteristicstiboé particular model. This can be done through
flying practice without any hardware installed. nfitunnel testing will be done on a wing
section from the aircraft. These tests will detee the critical AOA and the separation point.
Lift and drag measurements will also be made. Glimgpthe analyzed data, the group will
implement the microjet arrays on the aircraft aoguire data to demonstrate the performance

improvements.



Il. Needs Assessment

1. Implement an active flow control (AFC) system, liilstcase microjet arrays, on a remote
controlled (RC) aircraft

2. The system needs to operate for a long enoughdoefitme to allow for testing and
data collection

3. A budget of $1500 should be maintained

4. The system should increase overall lift and detalf s

5. The microjets on the wing tips must be capabladividual activation to demonstrate
roll control

6. The system needs to be activated remotely

7. An analysis of the flight characteristics that goéng to be improved will be conducted



Ill. Concept Generation, Analysis, and Selection

For this project there are two major requiremerdtise first is the method in which to
supply compressed air at 10 psig to 360 microjétse second is measuring plane performance.
Because of weight, volume, and budget constramsystems will have to be selected in
conjunction. The microjets themselves are simpteexamples have been provided to us by our

Sponsaor.

Air Supply Method

Figure 3: Two air supply concepts, one using an air pumpther relying on a tank.

The pump requires a power supply and a remotelyatge valve. The tank filled with
liquid CO,, liquid nitrogen, or compressed air will requiresanote valve and a pressure
regulator. The selected systems will need to heséd in the cockpit area of the airplane.



Pump/Compressor

Several pumps were investigated to supply compdesis€Fig. 3). The weight of the
system compared to the mass flow it can provide,siee, is a major factor and ruled out many
pumps. The most suitable pump weighs 5.3Ibs, coesw’5 watts at 12V, and can supply at
least 20% more mass flow then required for 1 rommfrojets. This pump cost $320 dollars and
has dimensions of 7.5in by 5in by 6.75in. A pumpuuid also require an electrical power
supply. This power could be supplied by battelbgswould add as much as ¥z Ibs to the plane
in order to supply power to the system for the tdareof one flight. The major benefit of using
a pump is its endurance. It can allow the systenu longer than any other proposed designs.

Its major drawback is weight and cost.

Liquid CO,

Ligquid COzis a common method for supplying compressed das.fdund in systems to
supply soft drinks, pneumatic tools, and fire arm&lhile they offer basic performance, they
also are very affordable with a 220z tanks stardingbout $20. Because the £€a liquid it is
capable of supplying a large mass of gas for theme it will occupy in the airplane. A 220z
tank would supply at least 50 seconds of systematipa. This tank is 2.5 inches in diameter
and 14 inches in length. G@nks are filled with liquid which turns to a gdtealeaving the
supply tank. The problem with this is that the pemature of the tank and supply lines drops as
the fluid changes state. If enough J€aves the tank at a high enough rate, there cssilplity
of the tank and line freezing. If enough heatasadded to the C{t may remain liquid at the
point of ejection and have undesirable effectivdlow over the wing. Refills can be expensive
when compared to refilling compressed air tankaotAer concern is the weight of the tank.
These tanks are constructed of metal and tend ighweore than some tanks used for
compressed air applications. Also, the liquiddesihe tank can move during flight which could
cause problems with weight and balance in mid fligrhis system would also require a pressure

regulator. Still, liquid C@tanks affordability make it a attractive choice.



Liquid N2

Liquid nitrogen has some of the same benefits@adignid CQ. Itis dense and is
capable of supplying a large mass flow rate tontiojets. Containment is the major issue
here. The liquid nitrogen cannot be placed inttogaed container because of the high pressures
that this would create, which may lead to an explos Designing a vented container that can
operate at all flight attitudes adds complexityite system. Also liquid Nhas the same

freezing problems as described above.

Compressed Air Cylinders

Compressed air cylinders are a common means ofysngir, for example SCUBA,
cutting torches, and pneumatic tools. High pres¢dPA) tanks in particular are light weight,
small, and affordable, these tanks are commonlg useournament paintball games. A HPA
tank with dimensions of 3.5 inches in diameter addnches long is capable of supplying the
necessary mass flow rate for 50 seconds. Als@usimpressed air does not lead to tank or line
freezing. With only air inside the tank, the waighll not shift inside the plane which is
important for weight and balanced. Another nicadee is that most HPA tanks include an
integrated air regulator which can adjust outletspure. With less components to add the HPA
tank is more space efficient. While HPA tanks hanany good qualities they also have
disadvantages. The compressed air may pose adhazae event of a crash and compared to
liquid CO, HPA tanks cost more ranging from $65 to almost $300

Air Pressure Regulator

Many of the tanks described above will need toaussgulator to bring the outlet
pressure to 10 psi. Regulators come in two diffesgyles, low and high pressure. For our
purposes we need a low pressure regulator whichdadmmiable to regulate between 0 and 600
psi. Weight should not be much of an issue beca#s®y regulators are made of aluminum and

are compact weighing less than ¥z Ib. Average @batregulator ranges from $40 to $60.

Air Supply Method Selection
The group utilized a design matrix (Fig. 4) toideocon the method to supply compressed

air to the microjets. Upon inspection of the dagigatrix, one can see that the compressed air
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tank has been selected as the optimum methoddégign matrix has accounted for the weight

and performance being the major factors in thectiele process.

CatWt |Weight Pump Liquid CO, Comp. N, Liquid N,
Safety 15
For the Airplane 15 4 60 2 30 1 15 1 15
Cost 10
_Of Item and Use 10 3 30 4 40 3 30 3 30
Availability 10
Of the Item 10 1 10 4 40 ) 50 3 30
Performance Rating 25
Of the supply method 25 0 0 2 50 5 125 2 50
[Restrictions 40
Weight 30 0 0 4 120 ) 150 2 60
Volume 10 0 0 3 50 4 40 2 20
Total 100 1 3.3 4.1 2.05

Weighted Values for subcategories (these total up to the Cat Wt value)
These are the assigned scores for each option’s category (0-5 possible points)
Resulting scores are shown at the bottom of each option

5
4.5
4
3.5
3
25
2
1.5

14

0.5 —

0 T T T 1
Pump Liquid CO2 Comp. N2 Liquid N2

Figure 4: Design Matrix for the air supply method. The gaiges were selected and
assigned a weighting factor as shown.
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Data Measurement Devices

This section refers to the method of data acdorsiince the entire system has been

implemented to the aircraft. The group has ch@seouple of different options to try to obtain

measurable values for certain flight parameterswiiaprove the concept.

Radar Gun

Figure 5: A radar gun can be used to measuring ground speed

Radar Gun- Sports Radar Gun from Bushnell - $68.99 (Fig. 5)

Easy to use: the gun has a rubber handle ancegigrdallows for “point-and-shoot”
measurements

Large, clear LCD output

Both mph and kph speeds can be reported

Fastest speed is displayed when the trigger iaset

Accuracy is very high - +/- 1 mph and +/- 2 kph

Safety depends on the measurements that are toyiog recorded:

o If the climb rate is to be measured, a person nhghke to be on the runway
directly under the airplane. This is a very riskiyiation and is also not allowed
at the airfield.

o0 The radar gun allows for measurements from 10 —4d from 90 feet away

The weight and volume of this device does not taaveffect on the airplane’s

performance or weight and balance.
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= There is a major drawback to this measuring dewicen comparing it to the GPS
device. The angle of incidence of the airplan@ci¢y relative to the observer will

change the speed displayed.

Crude Measurement Techniques
This covers a broad range of techniques that carsée to measure the airplanes

performance. Some of the design ideas includengaip an obstacle course next to the runway
and taking video measurements. Another designegins putting streamers on the airplane to

determine the angle of attack.

~
~
v
~
Y
o
~N \
set in
Crude Measurements background

Figure 6: Measuring angle of climb using pylons placed inlthekground and video
recording the flight with a camera mounted on paal. Climb angles can be compared
with the system on and off

Obstacle Course (Fig. 6)
= The supplies used to build an obstacle course qmoldably be borrowed or made out of

scrap. The price for the obstacle course is estidni@ be very low.
= The setup of the obstacle course is pending, bueddeas are as follows:

o Beams of varying heights may be set up parall¢hiéarunway and when the
aircraft takes off, the distance to the objects ib@ayneasured. The airplane
should climb over the obstacles in a measured d@intethe rate of climb
calculated.

13



o Slow flight speeds could be measured by settinthagame beams parallel to the
runway and inspecting video evidence of the aimlifying behind the beams if
they are placed at certain distances apart.

= This may be a risky measurement technique. Tipdaaie, should it lose control, may

crash into some of the obstacles and suffer damage.

Streamer
/

Figure 7: Using a streamer that is mounted outside of the'plaake
the angle of attack can be determined by captunvages of the plane
in flight and comparing the streamer and wing asgl€his technique
is limited to non accelerated flight

Streamers (Fig. 7)
= Streamers are cheap to buy and relatively easypéement on the aircratft.
= An overhead design will allow for these to stay oluthe way of the airplane and allow
for unmodified takeoff and landing. This shouldakeep the streamers out of the wake
regions behind the aircraft and its wings.
= The streamers, coupled with video evidence, wileghe team the angle of attack.

= The drawback is the uncertainty in measurementsmoape known.
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Figure 8: Video recording the flight is a simple and inexpeas
means of measuring plane performance. The vidédawe to be
shot in a consistent location and angle for aceutamparisons to
be made.

Video Camera (Fig. 8)

A tripod can be used to maintain a stable pointety.

This will actually limit the range that the videamera can capture.

The cost of this is virtually zero since the cameaa be borrowed and data can be
exported to a computer.

The camera will not affect the weight and balanfcéhe airplane since it does not need to
be implemented.

This is a very safe method of capturing data simathing has to be mounted on the
airplane and no group member has to be near ting frea.

The major drawback about this measurement deviteeiaccuracy. While some of the
video may look very presentable, the accuracy efddta acquired from the video may

not be known.

GPS, Pitot Probe, Accelerometers

One option for measuring plane performance is a 8R&m that is already

commercially available for measuring the perfornreaaotmodel airplanes. This device mounts

inside the airplane and can record data, or wisglesend the data real time to a computer. This

system can measure airspeed using a pitot prolesureegroundspeed, altitude, and rate of

climb using GPS, and measure acceleration usirageglerometer. This system is also capable

15



of measuring plane attitude using gyros but thts-a is considerably more expensive. This
complete system weighs less than a ¥ of a pouhe.rdsolution for airspeed and altitude is
1mph and 1ft respectively. The angle resolutiarttie gyros is 1200 degree-seconds. The cost
of the base unit which measures climb rate, aipaed groundspeed is $449.99, the
accelerometer for G measurements is $79.99, thdaabhe gyros is $1,449.00. The volume of
the complete system is less than 10 iAlthough the resolution of the GPS is good éstaacy
may be poor. The sponsor of the project has usgd @ model aircraft and has found that the
accuracy necessary for rate of climb measurementsif project is not possible using GPS.

Data Measurement Devices Selection

The group has decided to utilize a design makig.(9) to select a design from the list of
possible data measurement techniques. Again, wairghperformance are the main factors in
the selection process. While the design matrixyesty that the GPS system be used, after
meeting with the sponsor, the group has decidemhsigasing GPS. During the meeting at Eglin
Air Force Base, measurement techniques were disdws®l the accuracy of the global
positioning systems used in RC aircraft was browght It was concluded that a GPS that would
fit within our budget constraints would not prodwzurate results. Instead, a servo-mounted
camera setup was suggested. This would allowh®user to watch the effect of the microjets
on tufts placed on the wings. These would easityws on a video monitor, that stall is
occurring and that the flow is being reattachedie microjets on.
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Crude
Cat Wt |Weight Radar Gun Camera GPS Measurements

Safety 15

For the Observer 15 2 30 4 60 3 75 2 30
Cost 10

Of Item and Use 10 4 40 5 50 1 10 5 50
Availability 10

Of the Item 10 4 40 3 50 5 50 4 40
Performance Rating 25

Of the measurements 1 25 0 0 5 125 0 0
[Restrictions 40

Weight 30 5 150 5 150 4 120 3 90

Volume 10 5 50 ] 50 4 40 3 30
Total 100 3.35 42 24

Weighted Values for subcategories (these total up to the Cat Wt value)
These are the assigned scores for each option's category (0-5 possible points)
Resulting scores are shown at the bottom of each option

4.5

33
R —
25 +—
2 +——
18 4+—

Radar Gun

Camera

GPS Crude

Measurements

Figure 9: Original Design Matrix for the measurement techieis} As can be seen GPS
had the highest rating but was removed with thecadvom the project sponsor.
Camera techniques was then selected and other dsedine still being
considered.
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IV. Detailed Design
Air Supply System

Air Supply System

[ MicroJet Arrays 1
CLL PO e i L LLLL L e e
Valve | Valve X
Small Supply Intermediate Supply Lines
Lines

| «—— Main Supply Line

Pressure ]
Regulator DE%Q

T T

"‘-..____\_‘___._._._'_,_,-—"

Supply Tank

Figure 10: Diagram of air supply system. Air travels from maupply line to the intermediate
supply lines then to the small supply lines whiebd the microjets. A pressure
regulator is located between the tank and mainlguipg. Two electric valves are
located in the intermediate supply lines.

The pressure losses for each of the three suppy litilized in the design was calculated
and graphed as a function of their diameter; catauis are located in Appendix C. From the
graphs it was clear that the pressure lossessiga@otically when the supply line diameter is
reduced to a critical size (Fig. 10). From thessogs supply line diameters were selected to
keep the total loss in the supply system belowpgid so that incompressible flow analysis

18



would be valid. The other selection criterion wasninimize the diameter of the supply lines in

order to minimize weight.

Pressure as a function of supply line diameter
I I I

—
[7)]
o
N
o
o - _
° 2P(Dsuppl)
o pp
>
[7p]
[7p]
o 2+ .
o
0 | |
0.002 0.004 0.006 0.008

I:)supply
Diameter of supply line (m)

Figure 11: Pressure loss as a function of the diameter ontieemediate
supply line. From the graph it is apparent thatghessure drop
rises asymptotically near 4mm. From this a sufipl/diameter
of 6mm was chosen with a pressure drop of 0.489\i a four
foot section.

Pressure losses in the distribution manifold, valhead at the microjets were also
calculated and added to the losses in the suppy [[Fig. 11). The total loss for the air supply
system was 3.53 psi. This is well within the 7s#lpnit for incompressible flow analysis for
this system. The assumption that the densitynstemt will only lead to errors on the order of
109%. The total weight of the tubing was also caladaand is 0.53 Ibs. Also to keep the
pressure drop from the tank to the microjets thppbuline will all be the same length. For
example all the small supply line will be 8in loagd all the intermediate supply lines will be 4
ft long. Pressure ports have been incorporatedtivd microjet arrays in order to test the

pressure of each array.

Airframe Modification
In order to activate the microjets, air must beptigpl by some outside source. The most

suitable method found was using a high pressurauali. Since the tank will be over three
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inches in diameter, fully enclosing it within iretiplane is not an option. While placing the tank
on the top center of the wings would be safestduai crash, aerodynamics will be affected.

The best option was to mount the tank to the bottbthe plane. This method posed two
problems. With the tank being mounted so lowea@dnce issue with the landing gear became
apparent. Also with the tank being exposed orbtiteom, the chance of puncture during a crash
could cause an explosion. Therefore, the mainermsdoecame safety and practical integration
with the plane. The main way to address this gnoblvas to create a shield that could protect
the tank and also incorporate it as a part of tHeame.

The goal of the tank location is to make sure ihisgrated with the plane but still could
be accessed for maintenance and ease of refilkmgt, the location of the tank was marked on
the plane taking into the account the balance egilcraft. From the markings, the plane’s
structural pieces would be cut from the bottomvaithg for some of the tank to be recessed
within the plane. This would make the assemblyencmmpact, able to clear the landing gear,
and provide some top shielding to the tank (Fig. Mith the bottom now exposed, shielding

must be made to protect the tank from a crash.

Hinge to Allow
Removal of Tank

Figure 12: Placement of the compressed air tank.

The shield works by splitting it into two partshdfirst part encases the tank with

molded foam supports which will displace energyuarbthe outside of the tank during impact.
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The sides of the shield will bolt to the sidestod plane. Not only will the shield fully enclose
the tank, but it will add structural rigidity todtplane. The material for the shield will be
aluminum sheet metal which should sufficient totpcothe tank and keep weight down. The
second part of the shield is the nose. It willtipalrtly to the plane and partly to the first stliel
The nose closes off the front of the shroud redydirag. Using a hinge assembly the nose can
be lowered for easy removal for tank refilling. eT$pace in the nose can also house more
protective foam and air supply line tubing. In thent of a frontal crash the nose’s angled
design can protect the tank from taking head ohsoanh.

The dimensions of the shield take into accounsthe of the tank and foam core which
are shown in the drawings. With the shield, tim tshould be protected and the plane body will
be strengthened. Another advantage of havingtieddsis its function as an extension of the
plane’s body which will provide lower mounting ptarfor the struts. As explained in the design
of the struts, the lower mounting points will offeduced loads to the planes wings. All

engineering drawings are located in Appendix F.

Wing Support Bars

This design project will require adding some weighthe remote controlled aircraft. In
RC aircraft, as in real flight, the weight and Ilvalea of the aircraft is very important. While the
airplane used in this project will be able to supplee added weight, it is necessary to support
some of the weaker locations of the airframe. Whakest connection of the airframe is located
at the wing’s connection to the fuselage. Thdddthe aircraft has simple rubber bands used to
hold the wings in place. These are not rigid aagehfailed during flights with increased weight.
Struts will be used to increase the rigidity anersgth of the connection of the wings to the
fuselage. We have calculated that the placemethieastruts will be at a location of 16.4” down
the wing from the fuselage and 11.5” down the fagelfrom the bottom surface of the wing.
The second location is lower than the actual sertdd¢he fuselage extends, but placement here
is possible since we are extending the fuselagerovith the placement of the compressed air
tank.

We have determined from a force and moment baldratehis location is going to be
the optimal location for our airframe. The distaratong the wing’s surface has been determined

to be at the location of the center of the windnistwill keep the force in the normal direction at
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an average value: equal to the lift force produmgédach wing. As one will see in Appendix D,
moving this location closer to the fuselage witti@ase to force in the normal direction. This is
the exact result that we do not need. Conversabying the location further from the fuselage
will lower the force in the normal direction. Wéithe optimum placement for this location
would be at the wing tip, this is not feasible. We determined to place the mounting bracket
on the location nearest the center of the winghi# location is already taken (by the servo or a
support spine), we will move it to the next possilaication further from the fuselage.

The height of the struts has been determined Wyirigaat the force that would compress
the wings. This force must be as low as possiBkechanging the location of the fuselage’s
mounting bracket to a lower position, the forcisered. Optimally, this position would be as
low to the ground as possible, but we must congfieclearance of the aircraft. We have also
determined that the compressed air tank will beqaautside of the airframe and located below
the fuselage. This will give us a lower locatiomtount the strut to on the fuselage, lowering
the compressive force and maintaining a good ahea.aThis location is 11.5” from the bottom

surface of the wing (Fig 13).

Figure 13: Frontal view of the wing support system. Showmblue, the brackets
will mount to the bottom surface of the wing andret lower edge of
the shield. Note that the entire wingspan haseeh shown to allow
a more detailed view of the system in this figure.
Engineering drawings for the supporting rod anckeamounts have been attached in

Appendix F as well.
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V. Wind Tunnel Testing

Several wind tunnel testing techniques were usddam described below. The testing is not
yet concluded but some of the preliminary resuksavailable. Successful Tuft visualization
tests were performed (Fig. 14), and a video ot#lsewas taken and can be viewed at
http://www.eng.fsu.edu/~krethph/senior_design/tstttemv. This test used small wool yarn
taped to the surface of the wing. The test sestias then run at 10m/s and the angle of attack
varied from O to 20 degrees. Separation occurreg@atoximately a 16 degree angle of attack.
The test also shows a rough location of separafidms test will be particularly useful for
demonstrating flow reattachments with the microjetglemented and activated.

Figure 14: Tuft visualization test. From the image separaisogvident
from the tufts bending as the flow reverses diggctiThis is more
apparent towards the centerline of the wing whieeentind tunnel walls
have no effect on the flow.

Paint tests were also conducted. This test esilan oil and dye mixture that was
applied to the wing surface in small droplets, ligeid resembles white paint hence the name.
Although the test shows movement of the dropleirtieges taken were questionable when
viewed by an expert. The test main fault was & tdoszideo record. The images captured were

still images. The current results are inconclusind future testing will resolve this issue.
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VI. Testing Metrics
Performance Metrics

To demonstrate the increased performance fromgaefithe active flow control system
the following flight parameters will be tested witle microjet system activated and compared to
the flight characteristics without the jets. Opirgthe jets should actively attach the flow and
increase the critical angle of attack of the aitcrahis will produce grater lift and drag thareth

unmodified airplane. The following flight maneusaevill be tested.

1) Takeoff Distance and Touch Down Speéthe plane should have reduced takeoff roll with
jets activated. During short field takeoff, witiketwings near the critical angle of attack
during roll, the plane will produce sufficient litb take off at lower airspeeds (Eqn. 1.1).
From the research of Michael Amitay, Flight Conttsiing Synthetic Jetsit was shown that
an increase in lift of 16% is possible. Using thathe basis for velocity calculations and
reference values for the coefficient of lift frorhdory of Wing Sectiorfsa 7.2% reduction
of landing speed can be shown. For an aircrafyatesf 8 pounds this would be a reduction
of 1.3 miles/hour.

Lift = v e,
2 (1.1)

V = Airspeed
A = Wing Area
C_= Coefficient of Lift

As can be seen from equation 1.1, increasing ikieadrangle of attack increases the
coefficient of lift. The lift value for takeoff coesponds to the airplane weight for non
accelerating flight. This is valid at the pointtakeoff. With the lift value fixed and the
coefficient of lift increasing, the airspeed (V)cdeases. However the drag is also increased
with increasing angle of attack, typically at apemrential rate. It is necessary that the plane
produce sufficient thrust to overcome the additi@inag force. Using a large coefficient of
lift the power necessary to overcome drag was tatked to be 11% of the available engine
power. For the case of touchdown speed enginepi®mot an issue. In this situation the

drag force works to reduce the kinetic energy efléimding plane. As the landing plane
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2)

3)

4)

5)

dissipates its kinetic energy it will pass throulge point where the lifting force is less than
the weight of the aircraft and the plane will todotwvn in a stalled condition. This maneuver
is common for landing planes. The touchdown spé@#de reduced as the angle of attack is
increased as described above. For both casesdbeed runway length will be reduced
demonstrating a useful increase in performanceo Ar a landing aircraft the microjet
system can be powered with the surplus engine pthaera landing plane has at partial

throttle, with no adverse effect on thrust.

Minimum Controllable AirspeedPositive roll control can be maintained at a loaespeed
with wing tip microjets activated delaying stalleswhe portion of the wing with ailerons.
This can be demonstrated by measuring airspee@ winilultaneously videoing tufts
mounted on the wings. The wing roots should sHow &eparation while the flow over the
wing tips remains attached. The velocity of thengl relative to the incoming air for this test

is 7.8m/s which is the same velocity for test 1.

Maximum Angle of ClimbDuring climb the plane can maintain a steeper aofyattack

with the microjets on which will increase drag aradise reduced air speed for a given thrust
(power setting). If the reduced lift as a restlloaver airspeed is offset by the increase in lift
from a higher angle of attack the plane will hawgrater angle of climb. This will result in
improved obstacle clearing (Trees/power line atethe of the runway).

Roll Control Using Wing Tip Jets OnhActivating the microjets on one wing should create
asymmetric lift and cause the plane to bank. &hmore likely to occur at AOA greater
than 5 deg. At these angles the mixing causetidynicrojets will increase the flow
velocity over the trailing edge of the wing resudtiin higher lift. This flow modification is
not as effective at low angles of attack. For twstrol technique to work the increased lift

will have to be larger than the thrust producedhgy/microjets.

Rate of ClimbRate of climb may also be improved due to improilea over the wing but

has not been quantified yet.
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Procedures for Demonstrating Metrics

The following test should be conducted during pasiof steady atmospheric conditions,

for example wind speed, wind direction, atmospheoperature and pressure. The plane

should have consistent weight, balance, and poutput

1)

2)

3)

4)

5)

Take off distance will be measure by video recaydhre takeoff. The plane will start rolling
at full power at a consistent starting point onrln@way. The tail wheel of the plane should
remain in contact with the runway until takeoffi@intain a constant angle of attack. Using
preplaced markers the takeoff distance will be rieteed by replaying the video and
observing the takeoff point. Several test runsukhbe performed with the microjets
activated and off to judge the most appropriategii@ent of the runway markers. Also, the
correct timing for activating the microjets shoublel estimated, ideally the microjets would
activate at a ground speed sufficient for liftoffhe runway markers should be spaced evenly
and their placement recorded. This test shouldtpeated at several different angles of
attack to determine minimum runway takeoff distan€euch down speed can be measure
with a radar gun or by use of a pitot probe. ks test the plane should land in a stalled

condition.

To demonstrate control at lower airspeeds withehactivated the plane should first climb
to an altitude to allow for recovery from a stallhen the plane should be flown in level
flight with the jets on. The plane should entstall while demonstrating roll control by
rolling the plane back and forth. Airspeed shdugdrecorded along with video of the tufts
mounted on the wing.

Maximum angle of climb procedures have not beealiied.

Roll control using the microjet will be demonstitey activating jets on individual wing
during level flight. The plane will be flown thdB80 deg turn using only the jets for roll.

Rate of climb procedures have not been finalized.
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VII. Conclusions

The final selection and design of a system to sugplto an array of microjets has been
detailed in the preceding report. This system usk a compressed air cylinder and pressure
regulator to supply at least 30 seconds of ainéoréquired 6 feet of microjets. The supply line
will have a 3.5 psi drop in pressure from the temthe microjet arrays. The length and diameter
of the tubing have been calculated. The tankgimtand mounting have been determined
along with a system to protect the tank in the ewéa crash. A design to modify the plane to
hold the additional 6.08 Ibs of weight has alsorbeetailed. These modifications include
adding struts and securely attaching the wingheéduselage. The necessary component for the
supply system have been identified and priced apglers have been selected. The specific
locations of the microjet arrays are currently gailetermined using Tuft visualization technique
in a wind tunnel. Some testing metrics are defigigch as the 7.2% reduction in minimum
airspeed and takeoff distance. However, rateiofichas yet to be quantified. The total cost of
implementing the design is projected to be $1,3BWBich includes 20% for price overruns.
With the exception of wind tunnel testing and fimation of the measuring devices all tasks on
the original schedule have been completed. A diagef all modifications to the airframe can
be seen on the next page (Fig. 15).
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[¢0

Foam Core Manifold and Valve
Support

Tank Pressure Regulator

Secondary Manifold

Microjet System

Figure 15: This diagram shows the entire system as it wilbfi the airframe. The
air supply system, wing support bars, and modifiefitame are shown.
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Appendix A
Specifications

General Description:

The product will use microjets installed on the gvof a remote controlled scale aircraft
to actively control flow separation over the wingkhe system must supply air or a gas with
similar properties to the microjet array. The protdshould allow for performance

measurements.

Design Constraints:

Total weight of supply system and jets - 6 Ibsewssl
Microjet run time - 30 seconds or greater

Gauge pressure at the microjets - 10 psi+

Microjet size — 0.4mm

Microjet spacing — 5mm

Number of rows of microjets along wing — 2 or less
Mass flow to the microjets - 4.4(I0kg/s

Microjets activation- remotely, wireless for eacimgvindividually

© © N o g s~ w D PE

Volume of system — 6in x 6in x 15in or less
10.Minimum payload capacity for performance measuaqgipment — 2 Ibs

Aircraft Operating Parameters:
1. The airplane shall be able to land and takeoff sisted, as it would in an unmodified
state, with the exception of takeoff distance.
2. The plane shall be capable of recovering from a.spi

3. The plane’s endurance will be at least 10 minutes.

In the event of a crash the systems on the airaififhot pose a danger to the operator or

spectators standing a distance of 100ft from thgach
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Appendix B

The following MathCAD document displays the mi@tojuntime as a function of the

length of the array. The mass flow rate has bedsulated and the graphs are displayed on the

subsequent pages.

Calculating Jet Duration at 10 psig

Gas Constants
Temperature

Volume of Tank
Tank Pressure
Mass of air in

tank

Pressure to the Jet
Constant for Air

Mass Flow Rate Per Micro jet
assuming the jet is choked

Velocity of Jet
exit

Radius of
jet

Cross Sectional area of
jet

Calculated Mass Flow Rate
per jet @ 24.7 psia

kJ:= 10007
kJ
R :=.2876——
kgK
T :=(25+ 273K
V= 68in3
P := 450Qpsi
PV
=— =0.404k
Mank = R |mtank 9

Py = latm+ 10psi

y=14
Pt
R P, = 8.995¢ 18 pa
v
_ y_l Pb
1+¥°1 — -0528
2 P,

M= [YRZ7X M, = 3311977
1=y 1 S
_4Amm

2
2
ACTOSS'_ T
. PoM 1A cross
Mdot_calculated RT

kg
s

~ _5
Mot_calculated™ 4377 10

33



Mass Flow Rate Per Micro jet from Myot =
Dr. Shih Reasearch

500 s
www.eng.fsu.edu/departments/

-5k
Myot = 6% 10 9 @22
mechanical/labs/hilites/presentations/
fmrl/dynstall.pdf

psia
Amm jet

.03 kg

Jet Run Time as a Mank
function Run{ rows,s .+, array, =
of the number of jetsn( o jets XNldth)

5
Mdot_calculated®WSof_jets @M @yidthSPacing .025
jet=1
; ; . ljet
Jets per width of wing spacing=s ——
mm

Jet Run Time (N @20psig)
25 I I I

200— !

150

Time(s)

100

50~

0 7.2

144 216 288 36

432 504 57.6 648

Width of Array (in)

— 1 Row of jets

----- 2 Rows of jets
3 Rows of jets

_ Mank
Run( rOWSf jets: a”aXNidth) =

Mdot_calculated®®WSof_jetslM@Yyidth(SPacing
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Jet Run Time
Vo [ [ [ [ [

2007

Run( 1, arrandth)l50
@ Run( 2, a”andth)
£ Run(a arrandth)loo
" B

Run( 4, arrayigin

0.18 0.36 054 0.72 0.9 108 1.26 1.44 162 1.8
arayyigth

Width of Array (mm)

Volumetric flow through

Mdot_calculated®6° _17 004ft_
pressure regulator. P i
RIT
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Appendix C
This appendix contains all of the calculations étedmine the detailed design of the air supply

system. The number of supply lines, microjets, landth of the supply lines are some examples
of what was calculated.

Design Calculations for Air Supply System

Air Supply System

i MicroJet Arrays

L LU L L LU EEE i T T

Smell Supply Intermediate Supply Lines
Lines —— Main Supply Line

Supply Tank
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Pressure Drop Calculation

Given Values

Color Code for worksheet

Temperature of air from supply

Tank
Gas Constant
(air)

Dynamic Viscosity of Air,
(small error up to 7atms)

Jet pressure

Jet Spacing

Wing length (actual wing
length will be 5'9")

Total number of
jets

Number of Jet arrays

Density of Air at 10
psig

Mass Flow per

Jet at 10psig

Total Mass flow from
tank

Mass flow per
array

Maximum pressure drop to
allow

for incompressible flow
analysis.

Approximate length of intermediate

the supply

Approxmate length of small supply

lines

Diameter of small supply line

Length of main line

Design
Variable -
Tq:=29&
287
Ri=——
kgK
-5 kg
:=1.84% 10 +—
Hair .

Pet:=10psi+ 10kPa

. _ et
1€5pacing™ 5mm

LWing:: oft

Niet'= Lwing?®spacing

. I-wing
I\'array-‘ 1ft
o - Flet

air~ g5—

Ry

o =5 kg
Mjet:=4.37% 10 <

Miotal'=MjetNiet

. Miotal
array’ Narray

M

Pie{30% = 7.395psi

Lsupply:: 4ft
Lsmali=8in
Dsmalf=1-6mm

L = 1ft

main
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1®lspacing™

M

ot = 24.649si

jet
0.2
mm

array~

— 3 kg

=2.66&% 10 —
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Determining the diameter of the Intermediate supply line

Laminar Flow Analysis

The pressure drop across the large
supply line is as followed

2
L LV
AP = 3 suppl)malr supply|
2Dsupply

Where

p .
f= 54 Assuming laminar Re= awwsuppl)w)supply

Re  flow. Hair

And

Marray

\Vj - 7 TT 2
suppl _ =
PP paisupply Asupply= 7 Psupply

Combining Equations and simplifying Gives

2
1287, M
APlamina(rDsuppl) = = Msyppl o
MarrayPair™ Dsuppl
arra supply

-6 .
APgming8cm = 4.367x 10 “psi

Pressure drop as a function of supply line diameter
2 T T T T

157 —

AP Iamina(DsuppI;L iy _

Pressure drop (psi)

| | | |
0.02 0.04 0.06 0.08

Dsupply
Diameter of supply line (m)

The Graph above is relevant for laminar flow only. For this condition
the Reynolds number must be less than 2300. This occurs for
diameters greater than 8cm.
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M

array
Pail > Psupply
pair[éz [Dsupplyj (:)3
Re( Dyyppl) = o Re(8cn) = 2.297x 1
Reynolds Number
b 6-1¢* -
£
>
Z
8 Re(Dgyppija 16 -
6 —
c
)
04 216 -
G | | |
0 0.02 0.04 0.06 0.08
Dsupply
Diameter of Supply line

The figure above shows the Reynolds number as a function of the
diameter of the intermediate supply line. Laminar flow is valid at
about 8cm which is impractically large for the current application.
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Turbulent flow analysis

This analysis is valid for Reynolds numbers greater than 4000. This
occurs at a diameter of approximately 4.5cm. To maintain incompressible
flow analysis the pressure drop should be less than 7.4 psi for this supply
line.

Assuming Turbulent flow in the supply line changes the friction factor to the following,

From Thermal fluid Sciences

-2
f= (0.790Elr( Re- 16)1 second edition, Cengel p. 883

2
Marray
I-suppl@ai n 5
Marray 2 pair[éz [DSUIOIOWJ
AF'turbuler(Psuppl} =] 0.7901 - 164 B
Tt 2Dsupp|y
Z [Dsupplymair

_'Pressure drop for intermediate supply line.

Pressure as a function of supply line diameter
T T T T
~ 6_ I
‘»
S
Q.
o a- |
©
Qo AP.turbuIer{tDsuppl)
=
9]
0
o 2r .
o
0 | | |
0 0.002 0.004 0.006 0.008
I:)supply
Diameter of supply line (m)

The figure above shows the drop in pressure for the intermediate supply
line. This graph is valid for diameters less than 4.5 cm. Notice how the
pressure drop increases asymptotically for diameter less than 4mm.
From this a diameter of 6mm was chosen.
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Calculate the Number of the small supply lines.

Number of Supply Lines -

Assuming Turbulent flow,

Marray
Nsmall
Marray ~2) LsmalPai o »
Nsmall Pairt', Psupply
APgmaf{Dsupply = | 0-7900 —————— - 164 | 5
o : supply
4 suppl)maw

ApsmaﬁDsmah = 1.102psi - pressure drop across the small supply lines

Pressure as a function of supply line diameter
I I I I

4
AP smaI(DsuppI)'

Pressure drop (Psi)

| | |
0 0.002 0.004 0.006 0.008

I:)supply
Diameter of supply line (m)

The figure above shows the diameter of the small supply lines is fixed
because the microjets are 2.3mm square and a supply lines of 1.6mm is
the largest that will physically connect to the microjets. Iteratively
increasing the number of supply lines feeding each microjets a value of
8 supply line per microjet array is found.
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Losses in the main supply line

2
M
total
LmaidPai
Miotal airy 4 -~ supply
APmaif Dsupply = | 0-7900 164 |G P
n [Dsupplymair suppRYy
4

Pressure as a function of supply line diameter
T T T
~ 6_ I
‘»
S
Q.
o a- |
©
Qo Ap.mair(Dsuppl)
=
9]
0
o 2 .
o
0 | |
0.004 0.006 0.008 0.01
I:)supply
Diameter of supply line (m)
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Calculating losses at various fittings, "Minor Losses.

2

Basic Loss equation V' Pair
AP = KLEIZ—

Minor loss coefficient for

connection to microjets KLJet:: 1
2
Marray
Nsmall
_je air
KL T 2 P
[—[D
Losses at the connection to microjets — pa”'[é 4 smallj
Apminor_a‘ 2
“Prinor_aF 1-004p<
Minor loss coefficient for connection KL man= -5
to the manifold -
2
Marray
Nsmall
KL _ma n 5 Pair
palr[éz [Dsmallj
APninor b= 5
Minor loss for the manifold connecting the .
small lines to the intermediate lines. -I
M 2
_ _ ) array
Minor loss for the manifold connecting the K ———— | p
. . . - L_ma air
intermediate lines to the main line. m 2
pai - fﬂﬁm”)
. 4
Apminor_c‘ 2
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Total Pressure Drop For Air Supply System

APyotal:= APtyrbuledfmm + AF’smaﬁ Dsma)l + APmaif1em + APminor g APminor 5" 2Pminor ¢

Total Pressure Drop -i

Comparing Area Ratios For the small Supply line and the microjets they
supply.

Area of microjets per Ay := E[c.4mrr)25f.62 Ajet = 9.576x 10 'nf?

supply line. 4

Area of Small supply lines___-= 1~ [11.6mm° A = 2.011x 10 °ni?
pply smalf= 7 [2.6mm small~ 4 m

Weight Of tubing
W
N

1.5gm
86

Small tubing smalf~

Number of small tubes .smalf~

Intermediate tubing Wintermediate 369m

Number of intermediate tubes Nintermediati—:-: 6

Mass of main line Wnain'= 13gm

Total mass of supply lines

Wiotal'= Wsmal®smallt Wintermediat®intermediatt Wmain
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Appendix D

This appendix shows the calculations for the lasatf the wing support bars, or struts. The
location along the wing and fuselage must be deterdnto increase stability and support for the
wings.

This file shows the variation of the compression force applied to the wings from the struts when the vertical
mounting distance is changed (from the bottom of the fuselage and extended lower)

73.5
—3.875
Distance from the fuselage X = z—jn
to the location of the lift 2
force

xp, =16.438 n

Height of the strut (from the

bottom of the wing to the [h:= 6.5in.6.75in.. 8irf
bottom of the mount on the
fuselage)

Chosen location (along the wing) Fixed at halfway down the wing

to place the strut's mount

Maximum lift force = 2x the weight Fp = 16lbf
Equations:
X
0(h) := atan(l—) 0(h) =
1
’ 68.425| deg
67.675
My = Fp % M =21917Ibf -ft 66.934
66.2
65.475
64.758
64.049
Balance of Moments
0=Mp - Tyx where Ty is the y-component of the tension force caused by the struts
s i 3
T = — T. =161b he vertical component doesn't chang
Ty(h) = Ty-tan(e(h)) T (h) =
40.462| 1bf]
38.963
37.571
36.276
35.067
33.935
32.875
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This file shows the variation of the compression force applied to the wings from the struts when the
horizontal mounting distance is changed (from the side of the fuselage and extended further outward)

Distance from the fuselage
to the location of the lift
force

Height of the strut (from the
bottom of the wing to the
bottom of the mount on the
fuselage)

Chosen location (along the wing)
to place the strut's mount

Maximum lift force = 2x the weight

Equations:
6(x) := atan| x
h

Balance of Moments

0=Mp - Ty x
Ty(x) = T

Tx(x) = TV( X) -tau(e(x) )

73.5
- 3.875
2

X =
2

X1, =16.438m

Fixed at the bottom of the fueselage

[x := 16.438in, 16.688in.. 17.938in

Fp = 161bf

0(x) =
68.425| deg
68.719

M; =21917 1bf -t 69.006

69.285

69.557

69.823

70.082

where Ty is the y-component of the tension force caused by the struts

Tv(x) =
16| 1bf]

15.76

Ty(x) = 15.527

40.462| 1bf] 15.301

40.462 15.082

40.462 14.869

40.462 14.662
40.462
40.462
40.462

[The compression force does not changg
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Appendix E
This section shows the reduction in minimum cotafmé airspeed with the microjets on. Also,

the velocity as a function of the weight of thgplne has been graphed. The drag force has also
been calculated.

Velocity Calculations

CL =17 form theory of wing sections, Ira page 3

weight of plane

Mplan:: 8lbf
k
Pair = 11842
m
M
velocity of plane vy = pl—anfz
6MAMP 4T

Vv, = 17.81600€
1 hr

Vq = 7.965
S

From Flight Control using synthetic jets, Amitay

16 % increase in lift

Clp:=C 016 coefficient of lift
Vo = |V'plar{z
27 | cmmmem
6MAMP 4T -
Vo = 24.262f—t
S
AV =V - Vo Reduction in velocity with the jets activated
AV = 1.860% AV = 1.274M0
S hr
av =7.152% % reduction
Vi
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Change of velocity as a function of weight

e

M :=1..100

o

M2 M bf 2
BOAMP 4Ty | SMIHIP; T o

6MAMP ;[T

E 3600
6D 5T o

Mibfz Mbf 2 J 1
5.28x 10

Decrease in Velocity (Miles/Hour)

Decrease in Velocity as a function of Aircraft Wetig

ol

10 20 30 40
M

Aircraft Weight (Ib)

50

P(M) :=j

BRIP4 (T

M bf 2 M bf 2
Sl PR TP

M [bf 2
6 {P 4, (T

Drag Calculations

A

wing-

= 6ftft

Cp:= 48

Drag at 30 deg. Angle of Attack.

2
Fp = CplbpgilV1 Bying
Fp = 2.259Ibf

Fp = 10.048N
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Appendix F — All Pro/ENGINEER Drawings and AssemblyViews

Microjets

A

[/8 in Square Brass Tubing
12 in leng

|4 Ga. Stainless Steel Tubing
Supply Line Inlets
EVERY .5 1in

0.400 mm {#78)
EVERY 0.2000 in

— M [ ] - L] L] - [ ] ’

DETAIL A

SCALE 1.500
SCALE 0.200
NAME : Phil Kreth
PROJECT: [Seniar Design
PART: Microjets
DATE : [1.21.2007
PAGE : | OF |
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Wing Bracket

230

225 =

125

2625

|
O O w
] . 250
125
75
b
[ 375
ﬁrﬂﬁemww
125
. ¢75 125
=— . 130 —=
SCALE 2.000
NAME Phil Kreth
PROJECT: |Senior Design
PART: Wing Bracket
DATE . [1.21.2007
PAGE | OF 2
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Wing Support Bar

SCALE

0.250

SCALE  2.Q04

Jwﬁmr.ﬁ

20.06

B

@0.115 2 PLACES

— T |

SEE DETATL

DETAIL A
. SCALE  1.000

NAME : Phil Kreth

PROJECT: |Senior Design

PART: Strut Rod

DATE: [1.21.2007

PAGE: 2 OF 2
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Strut System Assembly Views

Close-up of the bracket and strut connection. Wleaacomplish this connection by using a

screw and nut for easy removal.

Close-up of the bracket’s location at the bottonthefshielding system. The struts will be

aligned with the center of gravity of the airframe.
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Tank Shielding Partl

11-
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m
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I
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117
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Tank Shielding Part2

_ =
- ™
- -
— ™ _': —
— -
T
L=

11705

b1}
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Tank Shield Assembly Views

Hinge to Allow
Removal of Tanl:

Nolded Foam Casing
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Tank Shown QOutside of Plane
To Show Foam Support
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Appendix G
The following table depicts the estimated weigheéach item that will be added to the aircraft.

Additional Weight Considerations
Item Weight (Ibs.)
Tank + Regulator 3.02
Manifold (7x) 0.25
Microjets (6x) 0.25
Lines (56.66 ft) 0.71
Shielding 1.50
Camera 0.02
Struts 0.33
Misc. +/- 0.50
Total: 6.08 Ibs. (+/- 0.50)
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Appendix H

Budget
Cost Shipping 20% increase Taxes  Supplier Total
Tank $189.90 $0.00 $227.88  $17.09 PunisherPB $244 97
Regulator $59.00 $0.00 570.60 $5.31 PunisherPB $76.11
Solenoid valve $137.04 $0.00 $164.45  $12.33 Small Parts $176.78
Reciever Switch $22.00 $0.00 $26.40 $1.98 Small Parts $28.38
6mm lines $40.00 $0.00 $48.00 $3.60 Small Parts $51.60
1.7mm lines $25.00 $0.00 $30.00 $2.25 Small Parts $32.25
Eglin Trip $293.30 $0.00 $293.30 $0.00 Personal $293.30
Pressure Manifold $60.00 $0.00 $72.00 $5.40 Small Parts $7740
Microjets $120.00 $0.00 $144.00 $10.80 Hobby Town $154 80
Battery Packs $200.00 $0.00 $240.00 $18.00 Hobby Town $258.00
Other misc $150.00 $0.00 $180.00  $13.50 Misc. $193.50
Overall Total 51,296.24 $0.00 $1496.83 59026 $1,587.09
Budget
Other Misc.

Regulator
Battery
Valve
Microjets Switch
6mm lines
1.7mm lines

Pressure Manifold

Eglin Trip
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Appendix |
Planning and Scheduling

The following are definitions of tasks that areds on the Gantt chart. This schedule
was created early in the project. Some aspects Ibeen changed: for example, smoke wire
testing was discontinued. The reasons for thegdarill be discussed in the report in the
relevant sections. This original schedule is ideldito show the methodology for completing the
project and also because the deviations from tiggnal schedule are minor. The full Gantt
chart is placed in Appendix F.

Research Air Supply MethedEvaluate different possibilities for supplying torthe microjet
arrays

Brainstorming (Design Possibilities)Group meeting to discuss all possible supply system

Design Evaluations- Put numbers to the design possibilities. Thisigsdvaluation stage of all
the possible designs

Measuring Devices ResearelGroup meeting, brainstorming, and design evaludtoulevices
to measure plane performance

Design Selectior Group meeting to select the air supply method aedsuring device utilizing
a design matrix

Detailed Design of Air Supply Systerbetailed calculations will be performed so thatfinal
product will meet the product specifications. Ewegring drawings will also be created

Detailed Design of Airplane ModificatiorsModify the airplane to house the air supply system,
the measuring devices, and the additional weig¥ight and balance of the airplane
with have to be considered

Purchasing Parts- This represents a deadline that the team needsabtmorder the parts
required.

Build Actuators for the Test ModelThis is our first iteration of microjets. Thes#l be placed
across the entire airfoil used in the wind tunestihg

Implementing thé\ctuators— The airfoil for the wind tunnel testing will neeal Ibe modified to
implement the microjets arrays. For the testingagaelevant the surface conditions of
the test section should match that of the airpisimeg
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Smoke Wire TestingThis is a visualization technique that should sivaeo evidence of
separation and also help the team determine wiepaaation occurs and at what angle of
attack it occurs. A successful test will show venetre flow separates and the location to
place the microjets. The following are the requieats for the testing,

» Set up the wind tunnel facility to accept the smoke.

* Set up the video recording device.

* Run the wind tunnel from 0 - 10 m/s with the airfeear the critical angles of
attacks. The angles will be manually adjustedrdutihe test to show separated
and attached flow. The relevant data will be amdlseparation and location

Additional Testing-Smoke wire testing will be performed after the rojets have been
implemented to demonstrate flow reattachment. giviss the team additional time in
case there are any problems. If necessary thes¢an be used for different visualization
tests. Additional testing may also use a forcamas to measure lift and drag
improvements on the airfoil.

Evaluating Results Results will be evaluated from all previous testd any additional
modifications that need to be done will be complete

Machining Microjets- This time will be used to build the microjets thall be implemented on
the airplane

Implementing Air System on Airplaré his will be a significant part of the project. &hir
system must fit on the airplane and have propeghteind balance

Testing— This is the flight testing portion of the project

EvaluateData / Additional Testing The data will be evaluated and any additional hgstian be
performed in the event of bad weather during tre fiight testing period

Deliver Product- The product should be ready to deliver to the austo
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Appendix J
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